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A sub-nanometer scale suspended gap (nanogap) defined by electric field-induced atomically sharp
metallic tips is presented. A strong local electric field (>109 V=m) across micro/nanomachined tips
facing each other causes the metal ion migration in the form of dendrite-like growth at the cathode.
The nanogap is fully isolated from the substrate eliminating growth mechanisms that involve
substrate interactions. The proposed mechanism of ion transportation is verified using real-time
imaging of the metal ion transportation using an in situ biasing in transmission electron microscope
(TEM). The configuration of the micro/nanomachined suspended tips allows nanostructure growth
of a wide variety of materials including metals, metal-oxides, and polymers. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4764562]
Platforms that use nanoscale gaps (nanogaps) defined by
metallic tips have been investigated extensively due to their
ability to synthesize and/or characterize nanoscale electronic
structures.1–6 Typically, research on nanogap platforms has
focused on only reducing and controlling the size of the
nanogap in sub-nanometer length scale without controlling
the radii of curvature of the tips. This leads to tethering or
growth of nanostructures of interest in uncontrolled orienta-
tions and material states. Additionally, in most of these plat-
forms, the nanogaps are in direct physical contact with the
substrate, making it difficult to decouple the electrical, mag-
netic, chemical, or mechanical interactions between the
nanostructure and the substrate.7,8
In this letter, the ability to define a precise nanogap size
and tip radius of curvature by directly controlling tip-to-tip
interaction using an external electric field is presented. A
nanogap platform that is truly isolated from substrate with
atomically sharp tips of less than 1 nm radius of curvature is
presented. Metal ion transport at the cathode tip by an exter-
nally applied electric field results in host metal dendrite
growth. The grown tips forming the nanogap are self-aligned
to each other due to the applied local electric field.
Metal ion migration at nanoscale is an important mecha-
nism in ionic-electronics, e.g., in resistance switching used
in memristors.9–11 The migrated ions can be used in bottom-
up synthesis of nanostructures, defined to the atomic scale.
Using controlled atomically sharp tip growth and precise gap
size, the nanogap can be an optimal platform for molecular
electronics.
The fabrication of the nanogap has been done in two
separate steps. The first step is to fabricate a suspended nano-
gap of length between 5 nm and 80 nm with tip radii of cur-
vatures between 5 nm and 7 nm using bulk-micromachining.
In the second step, a voltage applied across the nanogap
results in metal cations to extrude out, directed by the
induced electric field, forming self-aligned atomically sharp
tips (with radii of curvature <1 nm). The detailed sequence
for the first step to form the micromachined nanogap has
been described elsewhere.12 Fig. 1 shows a scanning electron
micrograph (SEM) of the micromachined nanogap fabricated
on a silicon-on-insulator (SOI) wafer, in which the nanogap
is defined by patterning the silicon device layer. Typical radii
of curvature of the silicon tips are in the range of 5–7 nm
with nanogap lengths of 20–100 nm. The silicon tips and
contact pads are then isolated from the substrate by removing
the buried oxide layer in 49% aqueous hydrofluoric acid so-
lution. The suspension of nanogap ensures mechanical and
electrical isolation from the substrate. The nanogap device is
coated with a low-stress silicon nitride (SiNx) thin film to
prevent silicide formation when contact metal (60 nm of
nickel) is thermally evaporated on the tips and pads. The
SiNx and metal film coating results in the reduction of the
initial gap to 5–80 nm, depending on the micromachined ini-
tial gap. The metal film on the pads serves as an electrical
conductor for a bias across the gap. The metal film on the
tips is a source of metal ions, which become mobile when an
electric field is applied across the tips. A nanogap formed by
tips coated with 60 nm thick nickel layer by thermal evapora-
tion was used to investigate the metal ion migration under an
electric field. A 10 nA DC current bias is applied across the
nanogap
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FIG. 1. (a) Overview of nanogap formed by suspended micro/nano-
machined tips on an SOI wafer. Electrodes and the tips are electrically iso-
lated from the substrate. (b) A close-up SEM view of the nanogap.a)Electronic mail: chunghoon.lee@marquette.edu.
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nanogap, and the maximum voltage drop across the nanogap
is limited to 100V (using bias compliance), that is, the volt-
age drop is limited by an external circuit. The nanogap forms
and open circuit initially, causing the initial current to be
zero. High electric field strengths (109 V/m) at the tip
causes metal ions to migrate out from the negatively biased
tip (cathode). The migrated ions result in the cathode to
extrude out to form a dendrite-like nanostructure. The nano-
structure growth by the ion migration is directed towards the
anode tip, where the electric field is highest. Fig. 2 shows
in situ TEM images of the nanostructure growth sequence in
time due to the metal ion migration from the cathode tip.
When the ion migration occurs at the cathode tip, the electrical
current across the nanogap increases as shown in Fig. 3.
Although the current fluctuates throughout the growth phase
of the tip, it shows an increasing trend till it equals the set
bias current of 10 nA, which indicates that the tip from the
cathode has bridged the nanogap. We suggest that the fluctu-
ation of the current is due to the multiple nanostructure
growth on the cathode tip, which distorts the local electric
fields. The length and growth rate of the nanostructure is
shown in Fig. 4, showing a growth rate of 0:04 nm=s dur-
ing the most of growth duration. The growth rate of the
nanostructure increases as the tip approaches the anode,
which is explained by the increase in electric field across the
nanogap as the distance between the tips gets progressively
shorter. Results from energy-filtered TEM (EFTEM) sup-
ports this growth mechanism by showing that nickel is one
of the two predominant materials grown (Fig. 5). The pres-
ence of carbon is likely an artifact due to electron-beam
induced deposition during in situ TEM experiment.13
In general, nanostructure growth by metal ion migration
under an electric field can be due to one or more of the fol-
lowing four different mechanisms: electromigration,14 field
ion emission,15 cation migration,8 and anion migration.10
The mechanisms of both the field ion emission and cation
migration on a substrate are caused by the electrochemical
growth and dissolution of metallic filaments at the an-
ode.8,10,15 Cation migration is also closely related to the ion
mobility in the substrate materials (specifically, in dielec-
trics).8 On the other hand, anion migration has been
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FIG. 2. In situ TEM images during a nanostructure growth. Bias polarity is
indicated on the tips. (a) Ni covered nanogap at the beginning of bias, (b)
dendrite nanostructures start to grow, (c) fully grown nanostructures.
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FIG. 3. Measured DC bias during the growth. (a) Voltage drop across the
nanogap. (b) Current profile across the nanogap.
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described by the migration of oxygen vacancies toward the
cathode,10 which also depends on the interaction with the
host material. In the current work, since the nanogaps are
fully suspended, any direct interactions between metal ions
and the substrate can be excluded. Thus the ion-migration is
solely due to the interaction with the electric field and/or
electron tunneling current. Eliminating the mechanisms that
are explained based on substrate interaction, it is postulated
that the ion migration occurs only at the cathode tips. This is
also supported well by in situ TEMs during growth showing
dendrite nanostructure growth occurring at the cathode tip
with no discernible change at the anode tip. This result is in
contrast to metal filament growth at the anode reported in
Refs. 8 and 15. Based on the in situ real-time TEM images
of the growth and the ex situ study reported before,12 it is
likely that the nanostructure growth is due to the ionization
of Ni and/or NiO by electron tunneling (Fig. 3) and transport
of the ions under the high electric field at the cathode.16 The
dendrite form of the nanostructure growth is suggested to be
due to the local electric field distortion by the nanostructure.8
The tip radius of curvature of the dendrite is typically less
than 1 nm as grown.
A method to fabricate a precise nanogap with atomically
sharp metallic tips formed by field-induced ion transport has
been presented. The growth of metallic nanostructure was
imaged in real-time using in situ TEM and was used to iden-
tify the ion migration mechanism under the applied electric
field. The composition of the grown nanostructure was dem-
onstrated to be the same as the host material using EFTEM
analysis. By coating the suspended tips with different materi-
als such as metals, polymers, and oxide-based materials, a
wide range of materials can be grown, making this a versatile
platform for nanoscale synthesis and characterization. The
growth by ion migration occurs at atomic scales, resulting in
a dendrite nanostructure due to a localized high electric field.
The distance between the tip of dendrite and the other elec-
trode can be controlled by terminating bias at the desired
nanogap size. The atomically sharp tip formed by ion-
migration could be optimal electrodes as a nanogap platform
for single-molecule electronics.
We wish to acknowledge the support of DoD DARPA
Tip-based Nanofabrication (Grant No. N66001-08-1-2074)
and the National Research Foundation of Korea (NRF)
(Grant 2010-0005834). Device fabrication was performed in
part at the Cornell NanoScale Facility.
1J. M. van Ruitenbeek, A. Alvarez, I. Pineyro, C. Grahmann, P. Joyez, M.
H. Devoret, D. Esteve, and C. Urbina, Rev. Sci. Instrum. 67, 108–111
(1996).
2B. Cho, T. Ishikawa, and C. Oshima, Appl. Phys. Lett. 91, 163102 (2007).
3M. Tsutsui, K. Shoji, M. Taniguchi, and T. Kawai, Nano Lett. 8, 345–349
(2008).
4Q. Tang, Y. Tong, T. Jain, T. Hassenkam, Q. Wan, K. Moth-Poulsen, and
T. Bjrnholm, Nanotechnology 20, 245205 (2009).
5X. Chen, Z. Guo, G.-M. Yang, J. Li, M.-Q. Li, J.-H. Liu, and X.-J. Huang,
Mater. Today 13, 28–41 (2010).
6A. Bergvall, K. Berland, P. Hyldgaard, S. Kubatkin, and T. Lofwander,
Phys. Rev. B 84, 155451 (2011).
7M. P. Anantram and F. Leonard, Rep. Prog. Phys. 69, 507 (2006).
8Y. Yang, P. Gao, S. Gaba, T. Chang, X. Pan, and W. Lu, Nat. Commun. 3,
732 (2012).
9K. Terabe, T. Hasegawa, T. Nakayama, and M. Aono, Nature (London)
433, 47–50 (2005).
10R. Waser and M. Aono, Nat. Mater. 6, 833 (2007).
11D. B. Strukov, G. S. Snider, D. R. Stewart, and S. R. Williams, Nature
(London) 453, 80–83 (2008).
12C. H. Lee, J. H. Han, S. C. Schneider, and F. Josse, Nanotechnology 22,
405301 (2011).
13A. Bachtold, M. Henny, C. Terrier, C. Strunk, C. Schonenberger, J.-P. Sal-
vetat, J.-M. Bonard, and L. Forro, Appl. Phys. Lett. 73, 274–276 (1998).
14J. M. Yuk, K. Kim, Z. Lee, M. Watanabe, A. Zettl, T. W. Kim, Y. S. No,
W. K. Choi, and J. Y. Lee, ACS Nano 4, 2999–3004 (2010).
15W. Kume, Y. Tomoda, M. Hanada, and J.-I. Shirakashi, J. Nanosci. Nano-
technol. 10, 7239–7243 (2010).
16D. C. Kim, S. Seo, S. E. Ahn, D.-S. Suh, M. J. Lee, B.-H. Park, I. K. Yoo,
I. G. Baek, H.-J. Kim, E. K. Yim, J. E. Lee, S. O. Park, H. S. Kim, U.-I.
Chung, J. T. Moon, and B. I. Ryu, Appl. Phys. Lett. 88, 202102 (2006).
0 500 1000 1500 2000
0
20
40
60
80
100
Le
ng
th
 o
f d
en
dr
ite
 (n
m
)
Time (sec)
0 500 1000 1500 2000
0
0.05
0.1
0.15
0.2
G
ro
w
th
 ra
te
(n
m
/s
ec
)
Time (sec)
(a)
(b)
FIG. 4. (a) Length of the nanostructure growth as a function of time. (b)
Growth rate.
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FIG. 5. Elemental mapping by EFTEM analysis for the grown nanostructure
in Fig. 2. (a) the grown nanostructure, (b) carbon, and (c) Ni.
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